Abstract
The improvement of soil thermodynamics and its effects on land surface meteorology in the IPSL climate model Several studies investigated the effect of the bottom boundary depth of LSM on 10 the evolution of the subsurface temperature (e.g., Lynch-Stieglitz, 1994; Stevens et al., 11 2007). Sun and Zhang (2004) suggested that at least 6-15 m depth is required to 12 simulate the temperature annual cycle. However, the location of the lower boundary in Table 1 ).
15
The heat transfer into the soil results from both heat conduction and heat 16 transport by liquid water (e.g., Saito et al., 2006) . The heat transported by liquid water 17 can modify the temperature at the surface and below (e.g., Gao et al., 2003 Gao et al., , 2008 but 18 this latter process is often neglected in LSM. Several studies investigated the 19 influence of this process on the land-surface parameters based on 1D experiments 20 based on site observations (e.g., Kollet et al., 2009) . However, to our knowledge, the 21 impact of the heat convection has never been evaluated on the global scale.
22
The soil thermal conductivity and the soil heat capacity control the evolution of 23 the subsurface temperature and the energy exchanges between the atmosphere 24 boundary layer and the land surface. Besides water content, the soil thermal properties 25 are affected by many factors such as soil types, soil porosity, and dry density 26 (Peters-Lidard et al., 1998; Lawrence and Slater, 2008) . The level of complexity of the 27 parameterization of the thermal properties in state-of-the-art LSM is highly variable 28 (e.g., Balsamo et al., 2009; Gouttevin et al., 2012) . Moreover, whereas the soil heat 29 temperature is 5 m with 7 layers (5M7L hereafter) and 2 m for the moisture with 11 23 layers (2M11L hereafter). The moisture profile must therefore be interpolated when 24 diagnosing the soil-moisture-dependent soil thermal conductivity and the soil heat 25 capacity in order to solve the soil heat transfer equation.
26
The new developments for the soil thermodynamics, the soil heat 27 conduction-convection model, its boundary conditions, the choice of the soil depth by liquid water transport in the soil is described by the following energy conservation 10 equation (Saito et al., 2006) soil layer. T rain is the estimated by wet bulb temperature (Gosnell et al., 1995) .
7
The unsaturated soil water flow is described by the 1D Fokker-Planck equation 1D ground water flow in an isotropic and homogeneous soil) with the mass balance 10 equation (de Rosnay et al., 2000) : minerals, respectively (Wm -1 K -1 ); n p is the soil porosity; and q is the quartz content.
5
The variables n p and q depend on the soil texture ( Table 2) . The soil thermal 6 conductivity at the layer interface is linearly interpolated according to the thickness of 7 the layers using the soil thermal conductivity at the nodes where the soil moisture is 8 computed.
9
The soil thermal inertia (I, Wm -2 K -1 ·s 0.5 ) and the soil heat diffusivity (K T , m 2 s -1 ) 10 are introduced to help interpreting the results. The soil thermal inertia measures the 11 resistance of the soil to a temperature change induced by an external periodic forcing.
12
The higher I is, the slower the temperature varies during a full heating/cooling cycle 13 (e.g., 24-hour day Fig. 3a ). For the coarse soil and when the soil heat 2 convection is considered (black dashed line in Fig. 3a) , the maximum DD y is around 8 3 m. Fig. 3b shows the variation of the soil temperature/heat flux amplitude decay ratio 4 (i.e. the ratio of the amplitude of the bottom variation and the amplitude of the surface 5 variation) with the soil depth. The deeper the soil, the larger the decay of the 6 amplitude of the soil temperature/heat flux. In the bottom layer, the amplitude decay 7 ratio for the soil temperature and the heat flux decay to less than e -3 . The soil depth is 8 therefore chosen to be 8 m, which corresponds to 17 layers according to the criteria 9 previously described (Fig. 2c , Table 2 , Appendix A2).
10
The soil thermodynamics model with the proposed vertical discretization 'nudging' approach (Coindreau et al., 2007) . This method has been successfully used 9 to evaluate the parameterizations related to the land-surface/atmosphere coupling (e.g. where X is u or v, F is the operator describing the dynamical and physical processes 14 that determine the evolution of X, and X a is the analyzed field of ECMWF.
15
Several experiments are performed to evaluate step by step the impact of the To test the vertical discretization and the soil depth EXP 5m is designed to be 6 identical to the EXP 8m except for the soil vertical discretization, which is replaced by 7 the standard one (Table 4 ). four seasons. In JJA, the soil temperature increases with soil depth, releasing heat ( Fig.   22 6b) whereas the soil temperature decreases with soil depth, absorbing heat, in SON
23
( Fig. 6c ). In the deepest soil layer, the annual amplitude of the soil temperature for 24 EXP 5m (0.8 K, ~15% of the surface temperature) is much larger than that for EXP 8m
25
(0.15 K, ~3% of the surface temperature) and the gradient of the bottom soil 26 temperature for EXP 5m is much higher than that for EXP 8m . These results show that in 27 very moist regions, an 8 m-depth is needed for the zero-flux condition to be satisfied. The difference between the temperature of the rain reaching the surface and the 3 temperature of the surface itself during rainy events induces a sensible heat flux.
4
Together with the energy transported by liquid water into the soil, this sensible heat 5 flux impacts the energy budget. These two processes have been included in the soil 6 thermodynamics scheme and their effect on the near-surface variables is evaluated by 7 comparing EXP 8m and EXP 8m,LT (Table 4 ). The latter is identical to EXP 8m but with the 8 parameterization of the above-mentioned processes activated. Fig. 7a shows the because the rainfall is colder than the soil surface (Fig. 7b) . 10g-10h, 10k-10l and 10o-10p) and the increased standard deviation and skewness. In this paper an improved scheme for the soil thermodynamics has been is set to 1 m, which is the largest layer thickness for the standard ORCHIDEE version.
16
In addition to the heat conduction, a parameterization of the heat transport by liquid properties beyond the boundary of the hydrological model.
11
The impact of the soil thermodynamics on the energy surface budget and water on the soil thermodynamics and on the near-surface meteorology is rather weak.
18
In contrast, the introduction of a moisture/texture dependence of the thermal The T and θ are calculated at the node, whereas the q L is calculated at the 20 interface. The evolution of the temperature in the middle of the layer is given by:
where w is the weighting factor for implicit (w=1) or semi-implicit (w=0.5) solution.
1
The soil temperature at the interface of soil layer (T k for example) is calculated by a 2 linear interpolation method according to the distance to the two nearest nodes:
At the surface, the boundary conditions are written as:
And at the bottom with zero flux boundary condition: In the 5M7L method, the thickness of each layer is geometrically distributed with 3 soil depth (Fig. 2a) . The depth at the node zz i (m), the depth at the layer interface (zl i , 4 m) and the thickness of each layer (Δz i , m) are computed as follows:
(2)The 2M11L method 6
In the 2M11L method (Fig. 2b) , the zz i , Δz i and zl i are computed as follows:
In the 8M17L discretization (Fig. 2c) , the zz i , Δz i and zl i are computed as follows
9
(The zz 17 of temperature is in the middle of the last layer ( Hourdin for the valuable discussions. Hourdin, F., Grandpeix, J-Y., Rio, C., Bony, S., Jam, A., Cheruy, F., Rochetin, N., 
The wind speed is 'nudged' by 6-hour relaxing time for all simulations. The '8m', '5m', 'LT' and 'TP' mean 8 m discretization, 5 m discretization, soil heat convection by liquid water transfer and soil thermal property, respectively. The VSMC, T S , I, T 2m,max , T 2m,min , and R lw,up mean volumetric soil moisture content, surface temperature, sensible heat flux, latent heat flux, water flux at surface, rain temperature, rain heat flux, soil thermal conductivity, soil heat capacity, soil heat diffusivity, soil thermal inertia, daily maximum air temperature, daily minimum air temperature, and upward long-wave radiation. The DTR, ETR, ITV, and IT N V mean Diurnal Temperature Range, intra-annual Extreme Temperature Range, inter-diurnal temperature variability of the daily mean (ITV) and of the minimum temperature (IT N V).
Figure 1.
The variation of (a) soil thermal conductivity λ and (b) soil heat capacity C P with volumetric soil moisture for different soil textures (coarse, medium, fine) by using ORCHIDEE standard parameterization and the revised parameterization (λ is revised by using J75 method, and C P is revised by using P02 data). (Table 4) , and (d) differences in surface temperature due to the heat transferred by rain and water into the soil (differences between EXP 8m,LT and EXP 8m ). All values are annual mean. 
